Aims/hypothesis. Embryonic stem cells, when grown as embryoid bodies, spontaneously generate insulinproducing cells which could be used in therapy of diabetes mellitus, provided that their selection and differentiation are optimized. To achieve such optimization, one needs to know whether the differentiation of cells in embryoid bodies mimicks that of pancreatic beta cells in embryos. To address this question we verified if the differentiation of the insulin-producing cells in embryoid bodies requires Hepatocyte Nuclear Factor-6 (HNF-6), a transcription factor known to control pancreatic endocrine differentiation in embryos. Methods. We generated mouse Hnf6−/− embryonic stem cells and grew them as embryoid bodies. The expression of HNF-6, insulin, and transcription factors that are regulated by HNF-6 in developing pancreas was compared in wild-type and Hnf6−/− embryoid bodies.
The low availability of pancreatic islets from donors to treat diabetes mellitus by transplantation has stimulated research to engineer insulin-producing beta cells in culture. Genetically modified lines of tumour cells or immortalized cells represent potential tools but their use suffers from a number of limitations, such as tumorigenicity, genetic instability or inappropriate differentiation [1, 2] . Pluripotent adult or embryonic stem cells that can be differentiated into insulin-producing cells have therefore attracted much attention. Cells isolated from pancreatic ducts or from the gastrointestinal tract could be differentiated or genetically manipulated to produce insulin [3, 4, 5] and were capable of reversing insulin-dependent diabetes in mice [3, 5] . Similarly, mouse embryonic stem (ES) cells secreting insulin were selected using a gene-trap strategy in vitro and could normalize glycaemia in diabetic mice, but this effect was only transient in 40% of the mice [6] . Another method based on the selection of nestin-positive precursor cells allowed to differentiate mouse ES cells in vitro into insulin-producing cells, which, when injected in animals, organized into vascularized clusters [7] . However, these cells contained about 50 times less insulin than normal beta cells and were unable to normalize the glycaemia of diabetic mice. More recently, human ES cells were also shown to spontaneously differentiate into insulin-producing cells when grown as aggregates, showing the potential usefulness of human ES cells to treat diabetes [8] . Still, these cells did not seem to secrete insulin in response to glucose stimulation. Despite these encouraging results more information is needed to establish the culture conditions that would enable one to obtain cells that phenotypically match the pancreatic beta cells. Ideally, one should be able to reproduce in culture the biological events that govern differentiation of beta cells in the embryo [9] .
ES cells can be grown in suspension as aggregates that resemble the normal embryos at the egg cylinder stage and are therefore called embryoid bodies (EBs). These aggregates mimic embryonic development and spontaneously form cell types derived from the three germ layers, for instance, cardiomyocytes, skeletal myocytes, endothelial cells, haematopoietic cells, visceral endoderm cells, neurons [10, 11, 12] . The procedure used in other studies [6, 8] to differentiate ES cells into insulin-producing cells started with the generation of EBs in which a small percentage of insulinproducing cells differentiate spontaneously. Work by developmental biologists identified signalling molecules and transcription factors that are required for the differentiation of pancreatic endocrine cells during embryonic development [13, 14] . The knowledge of these signalling molecules and transcription factors could ideally be applied to EBs to improve their differentiation into insulin-producing cells [9] . However, this approach would be valid only if the differentiation of the insulin-producing cells in EBs mimics closely enough the differentiation of the beta cells in embryos.
In our study we verify if differentiation of the insulin-producing cells in EBs has the same transcription factor requirements as the pancreatic beta cells in the embryo. To do this, we tested if the differentiation of ES cells into insulin-producing cells requires the transcription factor Hepatocyte Nuclear Factor (HNF)-6. This factor belongs to the Onecut class of homeoproteins [15, 16] and is crucial for pancreatic endocrine cell differentiation. During pancreas development, HNF-6 is expressed in the pre-pancreatic endoderm and in the pluripotent pancreatic epithelium that gives rise to the endocrine islets, to the exocrine acini and to the ducts. It is also weakly expressed in the acinar and ductal cells but not in the differentiated endocrine cells [17, 18, 19] . Gene knock-out studies in mice have shown that in the absence of HNF-6 the number of endocrine cells at birth is dramatically reduced [19] . This resulted from the absence of activation by HNF-6 of the gene coding for neurogenin-3 (NGN-3), a transcription factor that is necessary for differentiation of pancreatic endocrine precursors [20, 21, 22] . To test the role of HNF-6 in ES cell differentiation, we generated homozygous null Hnf6−/− ES cells and compared the production of insulin by wild-type and Hnf6−/− EBs.
Materials and methods
Culture of embryonic stem cells and embryoid bodies. The ES cell line R1 was routinely cultured on a primary embryonic fibroblast feeder layer [23] . ES cell medium was Glasgow Minimum Essential Media (BHK-21) (GIBCO, Merelbeke, Belgium) containing 10% foetal bovine serum (HyClone, Verviers, Belgium), 2 mmol/l L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 1% non-essential amino acids, 1% sodium pyruvate, 0.1 mmol/l 2-mercaptoethanol, supplemented with 1000 units/ml Leukemia Inhibitory Factor (LIF; Biognost, Wevelgem, Belgium). ES cells were induced to differentiate to form EBs [23] . ES cells (3×10 6 ) were plated on gelatin-coated tissue culture dishes (Nunc, Leuven, Belgium) and grown for 3 days in the absence of feeder fibroblasts and LIF. After addition of trypsin and EDTA, ES cell clumps were collected, seeded on bacterial grade Petri dishes containing ES cell medium supplemented with 10% foetal bovine serum, and grown in suspension for the specified duration. Day 1 of differentiation corresponded to 24 h of culture in bacterial grade Petri dishes. Nicotinamide (Sigma, Bornem, Belgium), a stimulator of endocrine differentiation [6, 7, 24] , was added at 10 mmol/l from day 8 of differentiation onwards, as indicated in the figures.
Selection of Hnf6−/− embryonic stem cells. R1 ES cells homo-
zygous for a targeted mutation in the HNF-6 gene (Hnf6−/−) were generated [25] . Hnf6+/− ES cells [19] were plated (5×10 6 cells per dish) on a feeder layer of neomycin-resistant embryonic fibroblasts in ES cell medium supplemented with 10% foetal bovine serum, 1000 units/ml LIF and 3 mg/ml G418. After 9 days in culture the surviving colonies were expanded and their genotype was verified by PCR and Southern blotting [19] .
RNA purification and reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated from ES cells or EBs with the High Pure RNA Isolation kit (Roche, Brussels, Belgium). Total RNA was reverse transcribed for 1 h at 37°C with random primers and with M-MLV reverse transcriptase (Gibco, Merelbeke, Belgium). Semi-quantitative PCR was carried out with the following primers: 5′-AGCCCTGGAGCA-AACTCAAGTCG-3′ and 5′-TGCATGTAGAGTTCGACGTT-GGAC-3′ for Hnf6 (PCR product of 202 bp for Hnf6α and of 280 bp for Hnf6β), 5′-CTCGCTGGGATCACTGGAG-3′ and 5′-CGGTCAAGTTCAACATCAC-3′ for Pancreatic duodenal homeobox transcription factor-1 (Pdx1; PCR product of 406 bp), 5′-TGGCGCCTCATCCCTTGGATG-3′ and 5′-CA-GTCACCCACTTCTGCTTCG-3′ for Ngn3 (PCR product of 160 bp), 5′-CCACCAGCCCTAAGTGATCC-3′ and 5′-AA-GGTCTGAAGGTCACCTGC-3′ for insulinII ( PCR product of 283 bp), 5′-GAAAGCAACGGGAGATCCTC-3′ and 5′-CCTCCACTAAGGCCTCCCTC-3′ for Hnf1b (PCR product of 279 bp), 5′-ACCCTTCACCAATGACTCCTATG-3′ and 5′-ATGATGACTGCAGCAAATCGC-3′ for the TATA box-binding protein (Tbp; PCR product of 190 bp), 5′-CGGAATGGT-CGCCTCATTC-3′ and 5′-CAGTCCTGATACACTTCGTC-3′ for Glut2 (PCR product of 162 bp). To avoid amplification of contaminants, RT-PCR was carried out in control reactions without RNA or in the absence of reverse transcriptase.
Immunofluorescence. Wild-type or Hnf6−/− EBs were fixed in Bouin's solution or in 4% paraformaldehyde in phosphate-buffered saline (PBS), embedded in paraffin, sectioned at 5 µm and immunostained. Mouse monoclonal anti-insulin (1:200; Sigma, Bornem, Belgium) and rabbit polyclonal anti-HNF-6 (1:50) antibodies were detected by immunofluorescence using biotinylated sheep anti-rabbit or anti-mouse immunoglobulin G (Roche, Brussels, Belgium) followed by streptavidin-Alexa Fluor 488 conjugate (Molecular Probes, Netherlands). The EBs analyzed by immunofluorescence were nicotinamide-treated, except for the detection of HNF-6 at day 7 of EB differentiation.
Results
Expression of insulin in mouse embryoid bodies. To validate our mouse ES cell line R1 as a source of insulin-producing cells we first examined if these cells expressed insulin upon differentiating into EBs. The ES cells were grown in suspension in the absence of LIF Fig. 1A, B . Expression of insulin and of HNF-6 in differentiating embryoid bodies. A Immunofluorescence. Sections of EBs at day 21 of differentiation were subjected to immunofluorescence with DAPI to stain the nuclei (blue), and with an anti-insulin antibody (green). Insulin staining was cytoplasmic. The DAPI and antibody stainings were detected independently and the images were fused (original magnifications: left panel x40, right panel x20). B Immunofluorescence. Sections of EBs at days 7 and 21 of differentiation were stained with DAPI to visualize the nuclei (blue staining; upper panels) or with an anti-HNF-6 antibody (green staining; lower panels). HNF-6 staining was nuclear. The original magnification was x40 to allow formation and differentiation of the EBs. The EBs were analyzed by immunofluorescence after 21 days of suspension culture, a period of time after which insulin should be expressed. The culture was heterogenous and contained EBs of various sizes. We detected insulin in only a subset of EBs, and in all these cases, insulin was found exclusively in the outer cell layer of the EBs (Fig. 1A) . In some EBs nearly all peripheral cells expressed insulin (Fig. 1A, right  panel) .
To assess the time-course of the expression of insulin, RNA was extracted at various time points of the EB culture for analysis by RT-PCR ( Fig. 2A) . Insulin mRNA was expressed starting at day 7 of EB differentiation and its concentration remained stable until day 21. Since the insulin mRNA content was low, we incubated the EBs with 10 mmol/l nicotinamide, a known stimulator of endocrine differentiation. Nicotinamide was added to the EB culture starting on day 8 Fig. 2A, B . Expression of genes in wild-type and Hnf6−/− embryoid bodies. Wild-type (Hnf6+/+) or Hnf6−/− undifferentiated ES cells (ES) or EBs were analyzed by RT-PCR for expression of the genes indicated. The EBs were collected at various days of differentiation as indicated above the lanes. In panel B, the EBs were treated with 10 mmol/l nicotinamide (Nico) from day 8 till day 21 of differentiation. Tbp was used as a control for RNA preparation and amplification and RNA was collected for analysis by RT-PCR. In contrast to the data obtained in the absence of nicotinamide, the insulin mRNA content increased from day 14 to day 21 with nicotinamide ( Fig. 2B) . These results demonstrated that the expression of insulin started early and spontaneously during EB differentiation and that it could be stimulated by nicotinamide.
Expression of HNF-6 in embryoid bodies.
To examine if HNF-6 was expressed in EBs, we collected the EBs at days 7 and 21 of the suspension culture and analyzed them by immunofluorescence (Fig. 1B) . On day 7, HNF-6 was detected in the nucleus of cells of the outer EB cell layer, while on day 21 HNF-6 was found [19] . PCR (right panel) of ES cell DNA with primers amplifying the neo gene and exon 1 of the Hnf6 gene confirmed that the two alleles were mutated in the homozygous mutant clone. B Morphology of EBs at day 21 of differentiation. Wild-type (Hnf6+/+) and Hnf6−/− EBs showed the same spherical morphology and cystic cavities (original magnification was x10). C Immunofluorescence. Sections of Hnf6−/− EBs at day 21 of differentiation were subjected to immunofluorescence and analyzed for insulin expression as in Fig. 1A . The original magnifications were x40 (right panel) and x20 (left panel). Insulin staining was cytoplasmic in cells throughout the EBs and no longer in the peripheral cells. A time-course analysis of HNF-6 expression carried out by RT-PCR showed that undifferentiated ES cell expressed HNF-6 ( Fig. 2A) . This expression transiently increased during the first day of culture in suspension, but returned to lower values soon afterwards. Starting on day 14, the expression of HNF-6 increased again and remained the same until day 21. These observations showed that HNF-6 had a dynamic expression profile during the differentiation of the EBs.
Detection of insulin-producing cells in Hnf6−/− embryoid bodies.
To test the requirement of HNF-6 for the differentiation in insulin-producing cells within EBs, we generated HNF-6 null ES cells. Using homologous recombination we had previously obtained Hnf6+/− ES cells in which the first exon of the Hnf6 gene is replaced by a neomycin-resistance cassette. To select Hnf6−/− ES cells we grew the Hnf6+/− ES cells in medium containing different concentrations of G418. Twenty-two ES cell clones survived 9 days in culture with 3 mg/ml G418 and were assayed by Southern blotting and by PCR for the loss of the wild-type Hnf6 allele (Fig. 3A) . The results indicated that only one clone had lost the wild-type allele. PCR analysis confirmed that this clone consisted exclusively of Hnf6−/− cells.
We then grew the Hnf6−/− ES cells in suspension and in the absence of LIF to allow formation of EBs. The morphology of Hnf6−/− EBs was indistinguishable from that of the wild-type EBs. Their growth was similar and they formed cystic structures like wildtype EBs. To test if the Hnf6−/− EBs produced insulin, we collected the EBs after 21 days of suspension culture and analyzed them by immunofluorescence (Fig. 3C) . The results showed that insulin was detectable in a subset of EBs. Like in wild-type EBs, insulin was found in the peripheral cells of the EBs and in some EBs all the peripheral cells expressed insulin. Taken together, the results on insulin expression were identical in wild-type and Hnf6−/− EBs.
To verify if HNF-6 controls the differentiation pattern of insulin-producing cells in the EBs, we compared the time-course of insulin production in wildtype and Hnf6−/− EBs, with or without nicotinamide. In parallel, we also looked at the expression of PDX-1 and NGN-3, two transcription factors that are required for beta-cell differentiation and which are direct targets of HNF-6. We also monitored the expression of HNF-1β, which is also a direct target of HNF-6 and which, when mutated, is associated with maturity-onset diabetes of the young. Likewise, the expression of the beta cell glucose transporter GLUT-2, another target of HNF-6, was also examined. The results showed that neither the time-course nor the expression of insulin was affected by the absence of HNF-6 (Fig. 2) . The slight difference in insulin expression seen between the wild-type and Hnf6−/− EBs was within the range of experimental variations. Similarly, no difference was seen between wild-type and Hnf6−/− EBs in the expression profile of Ngn3, Pdx1, Glut2 and Hnf1b (Fig. 2) .
In summary, HNF-6 was not required for expression of insulin during differentiation of EBs. Also, none of the genes targeted by HNF-6 in the pancreas during embryonic development showed abnormal expression in the Hnf6−/− EBs. We therefore concluded that HNF-6 is not required for differentiation of insulin-producing cells in EBs.
Discussion
ES cells can form EBs in which cells spontaneously differentiate into insulin-producing cells. These cells could be used for the therapy of diabetes mellitus. To improve the efficiency with which insulin-producing cells differentiate within EBs, several teams are trying to transpose the beta-cell differentiation mechanisms identified in embryos to the differentiation of EBs. The successful application of this principle requires a knowledge of the spontaneous differentiation mechanisms in the EBs. To approach this question we verified if the differentiation of cells in the EBs mimics that of beta cells in embryos. To do this we tested if the differentiation of insulin-producing cells in EBs requires HNF-6, a transcription factor known to control the differentiation of beta cells in the embryo.
We have shown that insulin is produced in the outer cell layer of the EBs. In EBs this cell layer displays properties that are similar to those of the visceral endoderm, an extraembryonic tissue that participates to several embryonic developmental events and to yolk sac formation [11, 26] . Indeed, in animals, the visceral endoderm produces a number of proteins such as, for instance, alpha foetoprotein, transthyretin, apolipoproteins and glucose transporters which are also found in the outer cell layer of the EBs [27] . In addition, tissuespecific transcriptional regulators of these genes in the visceral endoderm are functional in the outer layer of EBs [28, 29] . Insulin is also expressed in the yolk sac visceral endoderm [30] , which is consistent with our present observation that insulin is produced by the outer cell layer of EBs. Recent reports indicated that insulin could be produced in neurectodermal tumours [31] and in cells derived from nestin-positive precursors [7, 32, 33] , suggesting that insulin can be expressed in cells originating from neuronal precursors. Since cells derived from the primitive ectoderm tend to be localized in the core of the EBs [26] , it is unlikely that the insulin-expressing cells found in the outer layer of the EBs derive from neuronal precursors. We therefore suggest that the EB cells which produce insulin behave like visceral endoderm cells.
HNF-6 was found to be expressed in undifferentiated ES cells. This is somehow in contrast with the fact that in developing embryos, HNF-6 is expressed in a lineage-restricted manner [17] . However, several lineage-restricted factors, which include HNF-1α, HNF-1β and PDX-1 [29, 34, 35] , are known to be expressed in undifferentiated ES cells and we show here that this is also the case for NGN-3. More importantly, we found that HNF-6 is also expressed in the outer layer of the EBs, which is consistent with the known expression of HNF-6 in the yolk sac [36] . The expression of HNF-6 in the outer layer of the EBs was transient since at late stages of EB differentiation no HNF-6 was found in these cells. During pancreas development, HNF-6 is found in the endocrine precursor cells [19] . Our study does not rule out that expression of HNF-6 in EBs occurs in precursors of the insulinproducing cells. Indeed, during EB differentiation HNF-6 was detected earlier than insulin. However, in contrast to the requirement of HNF-6 in differentiation of beta cells in embryos, the lack of HNF-6 in EBs had no influence on insulin expression. In embryos, the transcription factors PDX-1 and NGN-3 control pancreas development and endocrine differentiation [20, 37, 38] and their expression is stimulated by HNF-6 (our unpublished data and reference [19] ). In embryos HNF-1β and GLUT-2 are also direct targets of HNF-6 [39, 40] and, when mutated, HNF-1β is associated with maturity-onset diabetes of the young [41] . In EBs the expression of PDX-1, NGN-3, GLUT-2 and HNF-1β was not affected by the lack of HNF-6.
In summary, none of the known roles of HNF-6 in embryonic beta cell differentiation was recapitulated in the EBs. We conclude that the molecular mechanisms of the differentiation of insulin-producing cells in EBs differ from those of the beta cells in embryos.
